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ABSTRACT 

The pyrolysis of British coals has been studied at hydrogen pressures of 50 
to 150 har in single- and two-stage, tube reactors at heating rates of up to 
30 K s-'. In the single stage reactor, hydropyrolysis of a high-volatile coal 
gave up to 4.5% single-ring aromatics; the results suggested that the evolution 
of volatiles and their cracking to benzene were sequential reactions. This was 
confirmed using a two-stage reactor in which the coal was heated at a controlled 
rate and the volatiles cracked in a separate zone at constant temperature. 
Yields of up to 12% benzene were obtained from a high volatile coal in hydrogen 
(similar to the yields obtained by various workers from American coals by flash 
pyrolysis) without very rapid heating of the coal. 
compounds showed that benzene was a major product of the cracking of polynuclear 
aromatics under hydrogen pressure. 

1. INTRODUCTION 

Hydropyrolysis of model 

The carbonisation of coal under hydrogen pressure is known as 'hydro- 
pyrolysis'. 
coal, which involves heating rates of hundreds of K s-l, can give appreciable 
yields of light aromatic hydrocarbons such as benzene, toluene and xylenes 
(BTX). 
two-stage hydropyrolysis of coals aimed at producing single-ring aromatics, 
especially benzene, from coal. In the single-stage reactor the carbonisation 
and cracking zones are heated by the same source, while in the two-stage reactor 
there is independent control of the carbonisation and cracking zones. 

A review of published work1 showed that flash hydropyrolysis of 

The present paper is concerned with studies of both single-stage and 

2. MATERIALS 

2.1. Coals 

The analyses of the coals used for hydropyrolysis are given in Table 1. 
The coals were ground, sized +251 -5OO)m and dried at 373 K in vacuum. 

2.2. Model Compounds 

Hydropyrolysis experiments were also carried out on six aromatic 
hydrocarbons: benzene, toluene, p-xylene, naphthalene, anthracene and 
phenanthrene. Where possible, 'ANALAR' grade chemicals were used without further 
purification. A s  the hydropyrolysis reactor was only suitable for solids, lg of 
compound was either absorbed on or mixed with 9g of active carbon (NCB 
Anthrasorb) . 
3 .  SINGLE-STAGE HYDROPYROLYSIS 

3.1. Experimental 

The design of the reactor is based on that used by Hiteshue and co- 
workers at the USBM'. A 1830 min long x 8 rn ID stainless steel, pressure tube 
in which about log of coal were secured between degreased wire wool plugs was 
heated by passing a large current (up to 1600A) through its wall. The heating 
rate was controlled by switching tappings on a transformer. The pyrolysis 
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vapours were swept o u t  of the  r e a c t i o n  zone by pressurised hydrogen a t  up to  
150 bar ,  some of t h e  l i q u i d  products c o l l e c t i n g  i n  t h e  ice-cooled t r a p .  The 
remaining l i q u i d  products  and gases were reduced to  atmospheric pressure through 
a needle va lve ,  which was  a l s o  used t o  cont ro l  the flow r a t e ,  before  being 
co l lec ted  f o r  a n a l y s i s .  
from t h e  t r a p  and ad jo in ing  tubing with chloroform. 
reac tor  w a s  weighed and analysed. 

3 . 2 .  Product Analysis  

The products i n  the  t r a p  were weighedandthen washed 
The r e s i d u a l  char i n  the 

Both gaseous and l i q u i d  products were analysed by chromatography. The 
hydrocarbon gases  were measured on an alumina column with a flame ionisa t ion  
de tec tor ,  and t h e  permanent gases on a molecular s ieve  5 A  column with a 
katharometer de tec tor .  
with a flame i o n i s a t i o n  de tec tor .  
Fisher reagent .  
char samples. 

The l i q u i d s  were measured using a s i l i c o n e  SCOT column 
Water was est imated by t i t r a t i o n  with Karl 

Proximate and u l t imate  analyses  were car r ied  out  on se lec ted  

3 . 3 .  Resul ts  

The e f f e c t  o f  v a r i a t i o n s  i n  the  f i n a l  heat-treatment temperature and 
i n  the vapour res idence  t i m e  on the  y i e l d s  of s ingle-r ing aromatics  formed by 
hydropyrolysis of h igh-vola t i le  Linby coal  was inves t iga ted  using heat ing r a t e s  
i n  the range 7 t o  30 K s-I, a pressure of 150 bar  and zero s o l i d s  res idence 
time a t  maximum temperature. 

3 . 3 . 1  The e f f e c t  o f  f i n a l  heat-treatment temperature 

The e f f e c t  of the f i n a l  carbonisat ion temperature on the  y i e l d s  of 
benzene, toluene and xylenes (BTX) and phenol, c r e s o l s  and xylenols  (PCX) is 
shown i n  Figure 1, where it can be seen t h a t  f o r  a vapour res idence time of 
approximately 10 s t h e  y i e l d s  of both BTX and PCX passed through a maximum a t  
a temperature of about 1000 K. The maximum y i e l d  of s ingle-r ing aromatics was 
approximately 4.5%, being composed of about equiva len t  amounts of BTX and 
phenolics. 

3 . 3 . 2  The e f f e c t  of vapour res idence t i m e  

The e f f e c t  of vapour res idence on t h e  y i e l d s  of BTX and PCX a t  heat ing 
r a t e s  of 10,  20 and 30 K s-l t o  a f i n a l  heat- t reatment  temperature of 1000 K 
i s  shown i n  Figures  2 a  and b .  
range of res idence times inves t iga ted  and w a s  l i t t l e  a f f e c t e d  by the heat ing 
r a t e .  I n  c o n t r a s t ,  t h e  y i e l d  of PCX passed through a maximum a t  a residence 
time of 3 s and was markedly a f f e c t e d  by the heat ing r a t e ,  at the  two higher 
heat ing r a t e s  the  PCX being almost completely destroyed a f t e r  8 s .  
Dehydroxylation of t h e  PCX t o  BTX a t  the  longer  res idence times only p a r t l y  
explains  the  f a t e  of t h e  PCX s ince  the  decrease i n  PCX i s  considerably 
grea te r  than the i n c r e a s e  i n  BTX. 

The y i e l d  of BTX increased s t e a d i l y  over the  

4 .  TWO-STAGE HYDROPYROLYSIS 

4.1 Modification t o  Apparatus 

The modif icat ion t o  t h e  hydropyrolysis  apparatus  t o  enable  the  
carbonisat ion and cracking zones to  be separated i s  shown i n  Figure 3. The 
upper por t ion  of the s t a i n l e s s  s t e e l  tube r e a c t o r ,  which servedas . the  cracking 
zone, was thermosta t ica l ly  cont ro l led  a t  temperatures up t o  1273 K using two 
muffle furnaces;  the  lower por t ion  which contained t h e  coal  was e l e c t r i c a l l y  
heated a s  previously.  
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4 . 2  Experimental 

The samples (coals, coking coals plus coke and model compounds on active 
carbon) to be pyrolysed were placed, as before, in the lower section of the tube. 
The flow of hydrogen through the reactor was established to give the required 
vapour residence time with the upper section maintained at the cracking 
temperature. Current was then passed through the lower section to heat it and 
the sample to the carbonisation temperature. The products were collected and 
analysed in the same way as with the single-stage reactor. 

4 . 3 .  Results 

4.3 .1  Effect of carbonisation time, temperature and heating rate 

The effect of varying the carbonisation time is shown in Figure 4 .  The 
methane increases monotonically with time and the benzene yield reaches a limit 
of about 11% w/w on d.a.f. coal at 9 minutes. Thus, to achieve optimum benzene 
yield with minimum methane formation, the residence time of the coal should be 
controlled. 

Varying the final carbonisation temperature from 848 to 973 K (at a 
carbonisation time of 9 minutes) while cracking the products at 1123 K gave the 
results plotted in Figure 5. Methane increases monotonically with increase 
in final carbonisation temperature whereas ethane and benzene pass through 
broad maxima at about 9 2 3  K, the benzene yield peaking at 12X w/w on d.a.f. coal 
( 1 3 . 4 %  C on C). 
temperature, some of the benzene is destroyed during the carbonisation stage. 
The volatile matter content of the char decreased from about 16% at a 
carbonisation temperature of 750 K to 5.5% at 923 K. 

The lower benzene yield at 973 K suggests that, at this 

The results of tests on the effect of heating rate show that, at a 
carbonisatiop temperature of 7 5 0  K, increasing the heating rate of the coal from 
1 to 25 K s- 
and ethane yields are reduced by the higher heating rate. 

4.3.2 

has no significant effect on benzene yields, although the methane 

Effect of cracking temperature and residence time 

The yields of gases and liquids were determined after cracking at 
temperatures from 773 to 1223 K using the relatively low carbonisation temperature 
of 750 K and a carbonisation time of 15 minutes. 

The yields of methane, ethane, benzene and tar are given in Figure 6 .  
Above 900 K, increasingly severe cracking of the carbonisation vapours gives 
continuously increasing yields of methane, whereas the ethane and benzene pass 
through broad maxima. The yield of tar decreases with increasing temperature, 
suggesting that tar vapours are the precursors of much of the ethane and benzene, 
themselves being hydrogenated to methane under more extreme conditions. 

The effect of varying the hydrogen flow rate and hence the gaseous 
residence time was also investigated. The carbonisation temperature was 873 K 
and the pressure was 1 5 0  bar. The results are summarised in Figure 7 and show 
that, as the hydrogen flow was increased, the yields of ethane and 
benzene increased and the benzene passed through a broad maximum. 
hydrogen rates, the volatiles were overcracked to give high methane yield The 
lowest hydrogen rate of 0.85g min-' (equivalent to a flow of 0.01 m3 min-'*at 
room temperature and pressure) gave a gaseous residence time of about 7 s in the 
cracking zone at 1 5 0  bar and 1 1 2 3  K. 

At the lower 
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4.3.3 E f f e c t  of  pressure  

Tests a t  50, 100 and 150 bar  i n  which t h e  vapour res idence  t i m e  was 
maintained cons tan t  by using a constant  l i n e a r  hydrogen v e l o c i t y  gave t h e  r e s u l t s  
shown i n  F igure  8. 
b u t  the benzene y i e l d  increased less  than propor t iona l ly  to  pressure.  

4.3.4 E f f e c t  of  coal-rank 

Methane and ethane y i e l d s  increased l i n e a r l y  with pressure  

The r e s u l t s  on t h e  e f f e c t  of coal-rank a r e  summarised as y i e l d s  versus  
carbon content  of coa l  i n  Figure 9 and suggest  t h a t  t h e  maximum ethane and 
benzene y i e l d s  a r e  obtained from the CRC 800 coa l s .  
gave l e s s  v o l a t i l e  hydrocarbons, and the  coking coa ls  tended t o  cake i n  the 
carboniser  and would t h e r e f o r e  be d i f f i c u l t  t o  process  continuously. 
v o l a t i l e  brown coal  contained 24.8% oxygen and t h e  oxygen appeared mainly as 
water r a t h e r  than  carbon oxides .  The Lady Vic tor ia  coal  gave comparatively low 
benzene and h igh  methane y i e l d s ,  probably r e f l e c t i n g  t h e  high a l i p h a t i c  content  
of t h i s  coa l .  

4.3.5 Model compounds 

Anthraci te ,  as expected, 

The high 

Table 2 g ives  the  r e s u l t s  of the hydropyrolysis  of t h e  aromatic 
compounds l i s t e d  i n  Sect ion 2 . 2 . ;  only the  aromatic products  a r e  l i s t e d .  
cracking temperature w a s  var ied  from 823 t o  1173 K a t  a constant  vapour res idence 
t i m e  of about 5 s .  A s  might be expected, t he  ex ten t  of decomposition increased 
wi th  increas ing  temperature, and the percentage remaining undecomposed a t  973 K 
was  taken a s  a measure of thermal s t a b i l i t y .  The s t a b i l i t y  sequence i n  order  
of decreasing s t a b i l i t y  was as follows: benzene = naphthalene > phenanthrene 
to luene)  p-xylene > anthracene. It should however be s t r e s s e d  t h a t  t h e  order  
depends on t h e  temperature. Thus, a t  1073 K toluene and p-xylene a r e  less 
s t a b l e  than anthracene.  

The 

The y i e l d  o f  benzene a t  t h ree  temperatures (973, 1073, 1173 K) from the 
model compounds i s  shown as a bar  cha r t  i n  Figure 10. Benzene survives  both 
a s  a feedstock and as a product of the  cracking of  toluene,  p-xylene and 
polynuclear hydrocarbons. I t  i s  i n t e r e s t i n g  t h a t  naphthalene, anthracene and 
phenanthrene g ive  benzene a s  a major product a t  t h e  two higher  cracking 
temperatures. 

5 .  DISCUSSION 

In l i n e  w i t h  the  var ious groups of American  worker^^-^ who have s tudied  
hydropyrolysis ,  t he  carbonisa t ion  of coal  under hydrogen pressure  has  been shown 
t o  give much higher  y i e l d s  of l i g h t  aromatics ,  i n  p a r t i c u l a r  benzene, than a r e  
obtained by convent ional  carbonisa t ion ,  i .e. a t  atmospheric pressure i n  an i n e r t  
atmosphere. 

The r e s u l t s  of t h e  experiments c a r r i e d  ou t  i n  a s ingle-s tage r e a c t o r  s imi l a r  
t o  tha t  used by Hiteshue,  Anderson and Schlesinger2 a r e  i n  good agreement with 
t h e i r  publ ished d a t a  
rates (up t o  30 K s-i) a maximum y i e l d  of 4.5% single-r ing aromatics  can be 
expected from a low-rank coa l .  

With t h i s  apparatus  which employs r e l a t i v e l y  slow heat ing 

In these s ingle-s tage r e a c t o r s  t h e  temperature cyc le  of t h e  r e a c t o r  
together  with the  hydrogen flow r a t e  through i t  determine t h e  condi t ions f o r  both 
t h e  pyro lys i s  of coa l  and the  hydrocracking of t h e  v o l a t i l e s  produced. Thus, 
it i s  impossible t o  opt imise simultaneously both the carbonis ing and cracking 
condi t ions.  However, i n  t he  two-stage hydropyrolysis  r e a c t o r ,  t h e  carbonisat ion 
and cracking processes  have t o  a l a r g e  ex ten t  been separated and i t  i s  therefore  
poss ib le  t o  opt imise s e p a r a t e l y  t h e  condi t ions  f o r  each. 
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The present  work wi th  the two-stage r e a c t o r  shows t h a t  y i e l d s  of over  10% 
benzene can be obtained from a 1 w rank coal  without t he  need f o r  hea t ing  a t  
very high r a t e s  (up t o  1000 K s-'): From t h e  poin t  of view of t he  des ign  of a 
hydropyrolysis p l a n t ,  a process employing a moderate hea t ing  ra te  should be 
preferab le  s ince  it i s  l i k e l y  t o  be d i f f i c u l t  t o  achieve very f a s t  hea t ing  on an 
i n d u s t r i a l  s ca l e .  

6. CONCLUSIONS 

The present  study has: 

( i )  confirmed t h a t  hydropyrolysis of coal  produces appreciable  y i e l d s  of 
s ingle-r ing aromatics ,  e s p e c i a l l y  benzene, and has  shown t h a t  a 
benzene y i e l d  i n  excess of 1OX can be obtained without  hea t ing  t h e  
coal  very r ap id ly ;  I 

( t i )  shown t h a t  the benzene y i e l d  depends on t h e  temperature of  t h e  
cracking zone and t h e  residence times of t h e  v o l a t i l e s  i n  t h i s  zone; 

( i i i )  demonstrated the  p o t e n t i a l  of a two-stage r e a c t o r  whereby t h e  
pyro lys i s  and cracking s tages  can be independently cont ro l led ,  and 
which should make i t  simpler t o  opt imise t h e  y i e l d s  of d e s i r e d  
products. 
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Table 2 :  Yields  of  Aromatics from Two-stage Hydropyrolysis  
of Aromatics 

Condition: Ig  of feeds tock  wi th  9g of  a c t i v e  carbon 
Carbonised a t  750K wi th  15 m i n .  s o l i d s  r e s i d e n c e  t i m e  
Heat ing r a t e  1 K s-1 
8 nun I D  carboniser  a d c racker  
Hydrogen 0.85 g min-' a t  100 bar .  
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